Use of Sigma-Delta modulation to control EMI from switchmode power supplies by von Jouanne, Annette
AN ABSTRACT OF THE THESIS OF
 
jeyanandh K. Paramesh for the degree of Master of Science in 
Electrical and Computer Engineering presented on July 7th, 1998. 
Title: Use of Sigma-Delta Modulation to Control EMI from Switchmode Power 
Supplies 
Abstract approved: 
Annette von Jouanne 
Conducted Electromagnetic Interference (EMI) is  a major cause of concern 
in switchmode power supplies (SMPS) which commonly use standard pulsewidth 
modulation (13\V M). In this thesis. Sigma-Delta (E2A) modulation is proposed as an 
alternative switching technique to reduce conducted EMI from SMPS. The  result 
of using EA modulation is a spread in the spectrum of the conducted emissions so 
that large concentrations of power at discrete frequencies are avoided. Experimen­
tal time-domain waveforms and soectra of the switching function from  first-order 
and second-order  niodulators are presented to prove the viability of the scheme 
in. EMI mitigation. These modulators are then applied to au off-the-shelf corm-
pater power supply and experimental results using FCC-specified methods show  a 
reduction of roughly 5-10dB in EMI emissions over standard PWM modulators. 
Redacted for PrivacyUse of Sigma-Delta Modulatioil to Control EMI
 
from Switchrnode Power Supplies
 
by
 
Jevanand.h K. Paraniesh
 
A THESIS
 
submitted ):7)
 
Oregon State University
 
in partial fulfillment of the 
requirements for the degree of 
Master of Science 
Completed July 7th, 1998 
Commencement June 1999 Master of Science thesis of Jeyanandh K. Pararnesh presented on July 7th, 1998 
APPROVED: 
Major Professor, representing Electrical and Computer Engineering 
,-..1-lead of Department of Electrical and Computer Engineering 
Dean of Grad ate School 
I understand that my thesis \\ill become part of the permanent collection of Oregon 
State University libraries. My signature below authorizes release of my thesis to 
any reader upon request. 
Jeyanandh K. Paramesh, Author 
Redacted for Privacy
Redacted for Privacy
Redacted for Privacy
Redacted for PrivacyACKNOWLEDGEMENTS
 
I would like to express my deep appreciation to my major professor Dr. Annette 
von Jouanne for her advice, support and encouragement throughout my stay at 
Oregon State University. 
I would like to thank Prof. David J. Allstot who first introduced to me the idea 
of Sigma-Delta Modulation in addition to a number of ideas not directly related to 
this thesis. 
I am deeply indebted to Roger Traylor for his help and advice with the hard­
ware.  I would also like to thank Dr. John T. Stonick for providing me the op­
porunity to brainstorm on several issues related to this thesis. 
Finally, I would like to thank my girlfriend Lavanya Murugesan for prodding 
me along towards the completion of this thesis and to my family in India. for their 
support and understanding. TABLE OF CONTENTS 
1  INTRODUCTION TO ELECTROMAGNETIC COMPATIBIL­
ITY (EMC)  1 
1.1	  What is EMC' 
1.2	  Salient Features of EMC Design 
1.3	  The EMC Problem in Power Electronics 
1.4	  Forms of EMI  5 
1.4.1  Conducted EMI 
1.4.2  Radiated EMI 
1.4.3  Common-mode(CM) and Differential-mode(DM) EMI  6 
1.5	  E \II Regulations 
1.6	  EMI Measurement  9 
1.6.1  Conducted EMI 
1.6.2  Radiated EMI	  0 
1.7  Research Objectives	  11 
1.S  Literature	  12 
SIGNAL SPECTRA AND NOISE MODELING	  14 
2.1	  Introduction  1-1 
9.9	  The Spectrum of Trapezoidal Waveforms 
9.9.1  Fourier Coefficients of a Generalized Trapezoidal Wave­
form	  14
 
2.2.2  Spectral Bounds of Trapezoidal Waveforms	  13 
Noise Sources and Paths in DC-DC Converters  . . 
EXISTING EMI MITIGATION TECHNIQUES FOR POWER 
ELECTRONIC CIRCUITS  26 
3.1	  Introduction  26 
3.2	  Filters  9 
:3.2.1  Passive Filters 
3.2.2  Active Filters	  30 
3.3	  Soft-switching Resonant Converters  33 
:3.3.1  Classification of Soft-switched Resonant Converters TABLE OF CON TENTS(CONT1NUED)
 
Page 
3.3.2	  Experimental Work on EMI Performance of Soft-switched 
Converters  36 
3.4  Alternative Modulation (;enerues	  37 
3.4.1	  Programmed P\\.  37 
3.4.2	  Randomized :\  ion Schemes 
3.4.3	  Switching Frequency Modulation  -11 
3.5  Summary	  42 
4  SIGMA-DELTA MODULATION	  43 
4.1  Introduction	  -13 
1.2  Motivation for  Modulation in SMPS	  45 
4.3  First-order  Modulator	  -17 
1.3.1	  Time-domain Output Waveform of the First-order  Al 
4.3.9	  Output Spectrum of the First-order `1,AM  -19 
4.3.3	  Effect of Dither in a. First-order EAM  51 
-1.1  Second-order 
Silinmary . 
EXPER1\ lENTAL RESULTS 
5.1  Experiment al Contigurat lop 
5.2  First-order 
5.9.1	  Without Dither 
Dither  63 
5.3  Second-order	  64 
6  CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK 
BIBIIOGRAPM.  67
 
APPENI)IN.  70
 LIST OF FIGURES
 
Figure  Page 
1.1.  Categories of EMC  2 
1.9.  Components in the eieci  anagnetic  ling environment  .  2 
1.3.  Propagation modes of E \ 
1.-1.  Generic  Filter 
Propagation modes of EMI  10 
2.1.  Trapezoidal Waveform and its derivatives  16 
2.2.  Asymptotic hounds on the (sinx)// function  18 
2.3.  Asymptotic bounds on the trapezoidal waveform  19 
9.-I.  Effect of risejfalltime on the spectrum of 
form with f  1.1f  and D = 0.5 
trapezoidal wave­
20 
Effect of duty cycle on the spectrum of a trapezoidal wave­
form with tr = t f  20ms and f =111[L­ 91. 
2.6.  Spectra of (a) ringing square wave. F.--,1MHz. D=0.5. 
and (bfideal 1011-Izsquare wave 
2.7.  Sources and PatIn:, of Conducted EMI from a Forward Con­
verter 
2.3.  Modified connection of a Forward Converter for reduced common_ 
mode EMI 
:3.1.  Use of a current probe to decompose EMI currents into CM 
and DM components  28 
3.2.  Source impedances (a) CM and (b) DM 
3.3.  Noise (high frequency) equivalent circuit of a power converter 
with an F.\  filter. Z, is the supply line impedance and Z, is 
the power converter (source) impedance  30 
3.I.  _\,1 IL-ST D--16 B CEO3 current ripple specification  31 
3.5.  Ripple current filter for a power circuit  32 
3.6.  Enhancing the inductor with active circuitry  32 LIST OF FIGURES (CONTINUED)
 
Figure	  Page 
3.7.	  Resonant-sw-itch Converters:  (a) liacd-switehed buck con­
verter (b) ZCS hick c)riverter (c) ZN'S buck converter (d) 
ZVS-CV buck converter  35 
Resonant DC Link Converter  ;-0 Bosh: concept  (1)  Full­ . 
bridge Connection	  136 
3.9.	  (a) The switching function ql t) and (b)  the pulse  rep­
resenting the 06 cycle of q(t)  40 
First-order Sigma-Deita Modulator (a) Continuous-time cir­
cuit (b) Sampled-data model and (c) Linearized s,unplect-dat a 
model  44 
4.2.	  Proposed switching scheme  ...........  4.5
 
-1.3.	  (a) Discrete-thne souctruin of first-order N- \M with white
 
noise assumption. (1)) Scaling f,ictor  din to sample­
.1 
ii  ,  (c) Spectrum of: switching function	  46 
4.4.	  Experimental output \vaveforms of first-order  for a dc 
input (a) x=1.5 fb) x =-- I .8V and (c) x = 9V  50 
4.5.	  Experimental spectra of first.-older  for a de input (a) I 
x1 TV. (b) x  1.8V and (e) x  2V. The unit di3ta is 
defined as dBro  90logi,)1 C". rolis/0.314P98) oi  t HP545-PA 
oscilloscope. frequency resolution -, 
4.6.	  Experimental Output waveforms of first-order  for a dc 
input (a) x,1.5V. (b) x = 1.8V and (c)  2.0V. with rins 
dither of 100mV  54 
4.7.	  Experimental spectrum of hrst-or(ler  for a (lc input (a) 
x=1.5V (b) x = 1.8V and (c)  2V with a dither of tins 
100mV. The unit dBru is defined as ((Bin.  2010(1  ro/t..)/0.316928) ; 1 
on a HP5-15-12A oscilloscope, frequency resolution  'kHz.  .  .55 
4.8.	  Second-order  I (a) Sampled-data model and (h) continuous-
time circuit.  56 
4.9.	  Experimental output waveforms of second-order NI-XM (a) 
x=1.5V (b) x = 1.SV and (c) x  2V.  57 LIST OF FIGURES (CONTINUED)
 
Figure  Page 
4.10.  Experimental spectrum of second-order rf.._\.1\1 for a dc input 
(a) x=1.5V (h) x = 1.SV and (c..)  = 2V The unit dBm is 
defined as dBm = 201°9;0(1  .  colts/0.316228) on a HP54549A 
oscilloscope, frequency resolution -= 1kHz.  58 
5.1.  Spectra in -150kHz-3011-17 range (a) P\VM, D -= 0.3 and (h) 
First-order Y.AM. x  Switching frequency  = 
100kHz. sampling frequency of N._2,2.AM = 300kHz. 
5.2.  Spectra in 5MHz range of (a) MM. D = 0.3 and (b) First-
order  x = 1.5V. Switching frequency of P  = 100kHz. 
sampling frequency of `.AM = 300kHz 
5.3.  Spectra of (a) P\VM. 450kHz=30MHz. (h) first-order Ni..AM 
with x = 1.5V and a dither of 200mV rrns (c) spectrum in 
(b) over the range 0-5 \ [Hz 
5.4.  Spectra of (a) P\VM.  (b) second-order  with 
x = 1.5V in the range 450kHz-30MHz and (c) spectrum in 
(I)) over the range 0-5MHz. Switching frequency of P\VM = 
100kHz. sampling frequency of second-order >12.,...\,1 = 330k1-Iz.  6-i LIST OF APPENDIX FIGURES 
Figure  Page 
A.1.  First-order EA Modulator  71 
A.2.  Second-order  Modulator  Ti 
A.:3.  Noise Generation Circuit 
A.4.  Driver Circuit USE OF SIGMA-DELTA MODULATION TO CONTROL 
EMI FROM SWITCHMODE POWER SUPPLIES 
Chapter 1
 
INTRODUCTION TO ELECTROMAGNETIC
 
COMPATIBILITY (EMC) 
1.1  What is EMC? 
The modern-day electronic world has seen an explosion in the use of devices that 
depend on a switching action of some kind to perform their function. Furthermore, 
the frequency of switching has increased rapidly over the years. As a result, the 
proliferation of digital devices using high-speed switching has led to significant Elec­
tromagnetic Interference (EMI) with communication and broadcast systems. More 
recently, the use of power electronic devices that switch large currents and voltages 
at high frequencies has added a new dimension to the EMI problem. EMI signals 
can be transmitted from a source to susceptible equipment by means of conduction, 
radiation and common impedance coupling, or by a combination of these  means. 
These signals can cause the susceptible unit to malfunction. A new engineering 
discipline, Electromagnetic Compatibility (EMC); has evolved to ensure the com­
patibility of devices in a common electromagnetic environment. EMC regulations 
that impose constraints upon the interfering capacity of several different classes of 
high-frequency switching devices have appeared in many countries. 
An electronic device is then said to be electromagnetically compatible with other 
electronic devices if it satisfies three criteria [11  : 
1.  It does not interfere with the regular operation of other systems. 
2.  It is not susceptible to emissions from other systems. 2 
1 
Electromagnetic Compatibility 
Emission  Susceptibility 
Conducted  Radiated  Conducted  Radiated 
Emission  Emission  Susceptibility  Susceptibility 
Figure 1.1. Categories of EMC 
Coupling
Source  Receptor 
Path 
Figure 1.2. Components in the electromagnetic coupling environment 
3. It does not interefere with its own operation. 
EMC design techniques have become an integral part of the overall system design 
process.  This discipline is bound to increase in importance as switching speeds 
increase. The basic categories of EMC are depicted in Figure 1.1. 
1.2  Salient Features of EMC Design 
EMC is concerned with the generation, transmission and reception of electromag­
netic energy. These three aspects form the basic framework in any electromagnetic 
environment. This is illustrated in Figure 1 2  . 
The source produces the emission energy which is transferred to the receiver by 
means of a coupling path. This transfer of electromagnetic energy usually occurs via 
unintended coupling paths. This energy is said to be an interference if it adversely 
affects the operation of the receiver. In some cases the source or the receiver of the 
interference may be unintentional. It is now apparent that there are three ways to 3 
prevent interference: 
I. Suppress the emission at its source 
2. Reduce or eliminate the effectiveness of the coupling path 
3. Decrease the susceptibility of the receiver 
In any EMC design problem, one of these three broad methods is chosen depending 
on the component over which we have the most control.  The most attractive 
alternative would he to suppress the emissions at the source. For example, it is 
known that the high-frequency spectral content of digital signals is closely related 
to the rise and fall times of these signals. Thus, if it is known that a digital device 
works satisfactorily with a rise/fall time of lOns then decreasing the rise/fall time 
to 1ns is unacceptable from an EMC point of view because it increases the high-
frequency spectral content [IL (However, this can he advantageous from a power 
electronics standpoint because it reduces switching losses). The second alternative, 
namely reduction of the efficiency of the coupling path is, in most cases, a "band­
aid" solution to the EMC problem. This usually involves the introduction of filters 
or shields into the system. The third alternative, namely aiming to decrease the 
susceptibility of the receiver is possible only when we can identify the receiver and 
have control over its operation in an interfering environment.  This, however, is 
usually not the case. One example of this method is the use of error-correcting 
codes to decrease the susceptibility of the receiver to interference. Other important 
factors that influence the choice of the method used to ensure EMC include cost, 
size and weight. For example, the use of filters causes an increase in the cost, size 
and weight without adding to the functionality of the device. 
1.3  The EMC Problem in Power Electronics 
The use of static power converters in industrial and domestic applications has grown 
tremendously in the last two decades. The main reason is the  ease with which 4 
power is processed with high efficiency. Static power converters use semiconductor 
devices as switches to accomplish their function. The currents and voltages that 
are switched can have very large magnitudes. Furthermore, the switching operation 
generates high du dt's and di/dt's and consequently. wide bandwidths. Since power 
electronic equipment is usually connected to the utility line these wideband signals 
travel considerable distances through the utility and cause interference. In addition 
to polluting the electromagnetic environment, these signals can also degrade the 
power quality and cause distortion of line voltage, sags, flicker, brownouts and even 
outages. The continued proliferation of power electronic converters is bound to 
exacerbate the situation further in the near future. 
Power electronic converters may be broadly grouped into four main categories 
depending on their function  ac-dc converters (rectifiers), dc-dc converters (reg­ : 
ulated/variable power supplies), dc-ac converters (inverters) and ac-ac converters 
(cycloconverters). DC-DC converters are most widely used at low and medium 
power levels (a few watts to a few kilowatts) and use high switching frequencies of 
the order of 100kHz. DC-AC inverters, on the other hand, usually handle much 
higher power levels and switch at much lower frequencies, typically 2-20kHz in 
the case of hard-switched converters.  Both classes of power converters generate 
high-frequency interference of considerable energy. Therefore these devices are in­
herently electromagnetically incompatible. Presently, regulations imposing limits 
on the interference caused by static power converters are not enforced in the US. 
However, it is expected that these will be imposed in the near future. Therefore, it 
is imperative that the EMC problem be addressed in the context of power electronic 
devices. 
This thesis focuses on the mitigation of EMI caused by switchmode power 
supplies (SNIPS). SNIPS are widely used in domestic and industrial applications 
over a very wide range of power levels. One example of their application is the 
regulated power supply in a computer. 5 
1.4  Forms of EMI
 
1.4.1  Conducted EMI 
As mentioned previously, a switching device connected to the utility causes high 
frequency currents which travel long distances over the utility network. These cur­
rents can enter other devices connected to the network and disrupt their operation. 
This form of interference constitutes conducted EMI. 
Consider the conducted EMI caused by power electronic devices. The switching 
of voltages and currents with large &Mt's and di/dt's in an ideal converter does riot 
automatically cause EMI. It is the presence of parasi tics and second-order effects 
caused by non-ideal behaviour of components that provide a coupling path for the 
EMI currents to flow from the device to the utility.  Parasitic inductances and 
capacitances within the circuit store energy A change in switching state of the 
circuit causes this stray energy to change resulting in the charge and discharge of 
parasitic capacitances and inductances. 
1.4.2  Radiated EMI 
Radiated EMI is caused by electric and magnetic fields that are set up by the 
currents flowing in the current loops within an electronic device. Current-carrying 
loops of wide area are effective radiators as well as antennas. Thus, they radiate 
EMI and also pick up radiated EMI from neighbouring devices. Radiated EMI can 
travel long distances through the air causing interference in devices that are not 
physically close to the radiating device.  It is apparent that the most important 
step to minimize radiated EMI and enhance radiated susceptibility is to layout 
the circuit carefully by avoiding loops of large areas.  It must also be noted that 
radiated EMI can be caused by conducted EMI currents that flow through the 
utility network. Thus it is apparent that a reduction in conducted emissions from 
a device tend to reduce the radiated emissions. 6 
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Figure 1.3. Propagation modes of EMI 
Conducted EMI is the most important class of EMI in the context of power 
electronics.  This thesis concentrates specifically on the mitigation of conducted 
EMI from dc-dc converters. 
1.4.3  Common-mode(CM) and Differential-mode(DM) EMI 
EMI currents are decomposed into two auxiliary currents. referred to as the differential-
mode (DM) current, idm and the common-mode (CM) current. icm. DM and CM 
currents are shown in Figure 1.3. DM currents flow in two conductors connected in 
a loop while CM currents flow in a conductor with the ground forming the return 
path. 
Referring to Figure 1.3, 
1 = icra  idat 
i9 =  dtTL  (1.2) 
Therefore, 
ic, = 
1
2(i1 + i?)  (1.3) L
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i2) 
The decomposition of EMI currents into CM and DM components is useful in 
determining which elements in a general EMI filter are essential and which ones are 
expendable. This can be explained by means of Figure 1.4 which depicts a generic 
EMI filter topology. 
The capacitors CDL and CDR are used to divert differential-mode EMI while 
CCL and Cc'? are used to divert common-mode currents. The coupled- inductors 
represented by L and mutual inductance M form a common-mode choke. These, 
along with the green-wire inductor. L9w increase the high-frequency impedance 
of the ground loop and thus reduce common-mode currents.  If it is known that 
DM currents are dominant in the total EMI, the common-mode choke M and the 
capacitors CCL and CCR can be left out. Similarly, if it is known that CM currents 
are dominant, then the capacitors CDL and CDR can be left out. 
1.5  EMI Regulations 
EMI regulations exist in most countries in the world today. These regulations are 
usually laid down by a governing body in each country. For example these regula­8 
tions are enforced by the FCC in the United States. the CISPR in France and the 
VDE in Germany. Presently, the regulations in the US are enforced only for "digital 
devices" (digital devices are defined as those devices that use digital circuitry and 
use a clock signal in excess of 9kHz'). The FCC has broken down the digital device 
class into Class A and Class B. Class A devices include those devices marketed for 
use in a residential environment. Class B digital devices are those marketed for use 
in an industrial or commercial environment. The limits for radiated and conducted 
emissions for various frequency ranges are summarized in the table below: 
Table 1: FCC EMC Regulations 
Radiated Emissions 
Frequency (MHz)  Class A, 3m (dB ptV)  Class B, lOm (dB1iV) 
30-88  39  40 
88-216  43.5  43.5 
216-960  46  46 
>960  49.5  :54 
Conducted Emissions 
Frequency (MHz)  Class A (c/BpV)  Class B (dBiii7) 
0.45-1.705  60  48 
1.705-30  69.5  48 
It can be observed that the requirements on Class B devices for conducted 
emissions are more stringent than those on Class A devices. There are two reasons 
for this. The first reason is that the interference from a device in an industrial 
environment can be more readily corrected than in a residential environment since 
the interfering source is in proximity to the susceptible device. The second reason is 
that an industrial user has greater resources to control interference than a residential 
user. The conducted and radiated emission limits indicated in the table apply with 
the use of a quasi-peak detector.  The FCC regulations for conducted EMI are 9 
specified at frequencies above 450kHz.The present regulations are not enforced for 
power converters.  Instead, these are followed as 'recommendations' concerning 
the limits of emissions from power converters. However, it is very likely that the 
existing regulations for digital devices will be extended to power converters in the 
near future.' 
1.6  EMI Measurement 
The standards that impose limits on the conducted and radiated emissions from 
a device also clearly define standards procedures and set-ups for measurement. 
The reason is that measurements made on the same device can vary widely from 
one location to another. The measurement standards include test procedure, test 
equipment, bandwidth, antennas, etc. 
1.6.1  Conducted EMI 
The FCC standards stipulate that a Line Impedance Stabilization Network (LISN) 
be used to measure the conducted emissions from a device. The purpose of the LIS7.`T 
is two-fold. First, the LISN ensures that a constant impedance (50Q) is presented to 
the ac power cord to the device under test over the frequency range of the conducted 
EMI test. Second, the USN isolates the measurement from emissions from other 
devices thus ensuring that the test measures only emissions from the device under 
test. These two objectives are to be satisfied only over the frequency range of the 
conducted EMI test (450kHz-30NIHz for FCC measurements and 150kHz-30NIHz 
for CISPR measurements). A third unstated requirement is that the introduction 
'EMI regulations have already been extended to cover power converters in Europe. 
For example, this limit has been reduced in the CISPR standards used in France to 
150kHz to include SNIPS. The VDE in Germany also imposes similar regulations. 10 
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Figure 1.5. Propagation modes of EMI 
of the LISN must riot interfere with the nominal low-frequency operation of the 
device. 
The LISN stipulated by the FCC is shown in Figure 1.5. The values of the 
components are chosen so that the device sees a negligible impedance to the utility 
at low frequencies and a very large impedance at high frequencies (i.e.. 451ilkHz­
30MHz for FCC measurements). 
1.6.2  Radiated EMI 
The Ti.CC specifies that the measurement of radiated and conducted emissions be 
performed on the complete system. The system must also be set-up in a configura­
tion that produces maximum emissions. In the FCC standards. radiated emissions 
are to he measured at a distance of 3m for Class A devices and 10m for Class 
B devices. The measurements must he made both with the antenna in  a vertical 
position (perpendicular to the ground plane) and in a horizontal position (parallel 
to the ground plane). It is also necessary that the test measures radiated emissions 11 
only from the device under test and not from other external sources. Therefore, 
measurement of radiated emissions are normally made in a semi-anechoic cham­
ber. A final measurement requirement is that the 6dB bandwidth of the spectrum 
analyzer used in the measurement be set to at least 100kHz. 
1.7  Research Objectives 
This thesis aims at finding an alternative solution to the problem of conducted 
EMI from switchmode power supplies. Most present -clay solutions to the problem 
of conducted EMI from DC-DC converters involve the use of passive EMI filters 
(or power line filters). This approach has a number of disadvantages. First. the 
addition of an EMI filter adds to the cost and weight of the converter. Second. the 
closed-loop stability of the converter is degraded because the EMI filter increases 
the order of the transfer function by one or more depending on the number of 
stages used in the EMI filter. Third, the EMI filter. not being ideal, has associated 
second-order effects due to parasitic inductances and capacitances. These degrade 
the effectiveness of the filter in controlling EMI. 
For these reasons, an effort is being made to find a solution that does not 
require the addition of extra filter components. or is able to significantly reduce the 
size of the filter while meeting the standard. One approach is to use an alternative 
modulation scheme as opposed to the standard pulsewidth modulation (PW, M). 
Programmed PIP.v1 and randomized PtiVM are two variations of the standard P\VM 
that are optimized to minimize EMI. These are discussed at length in section 3.4 
of this thesis. 
In this thesis. Sigma-Delta (Lv_::) Modulation is used to control EMI from DC­
DC converters. The purpose of this research is to study the effectiveness of EA 
modulation in controlling conducted EMI from DC-DC converters. The advantage 
of this approach is the possiblity of a large reduction in the size of the EMI filter. 
This reduces the cost and weight of the overall converter and reduces the EMI  to 
within the regulatory limits. Furthermore, this scheme can be implemented using 12 
either a circuit with a few discrete components or with a microcontroller. Another 
advantage of using this method is that resonant converters using this scheme can 
be implemented because of the discrete nature of the EA modulation scheme. A 
combination of soft-switching (zero-current and/or zero-voltage switching) and 
modulation is expected to compare favourably ;Aainst hard-switched converters 
using EL\ modulation from an EMC standpoint. 
1.8  Literature 
The IEEE Transactions on Electromagnetic Compatibility provide the major source 
of literature concerning the general analysis of the EMC problems. However, many 
of the publications appearing in the IEEE Transactions on EMC use a field ap­
proach rather than a circuit approach that most electrical engineers are accus­
tomed to.  (However, it must be noted that circuit-models for EMI analysis are 
always generated from a field analysis of a specific converter). EMI problems in 
power electronics are still not well-understood though rigorous research efforts are 
being made towards that goal. The main sources of literature concerning EMC in 
power electronics are : 
(1) IEEE Transactions on Power Electronics 
(2) IEEE Transactions on Industry Applications 
(3) IEEE Transactions on Industrial Electronics 
(4) Power Electronics Specialists Conference (PESO) Proceedings 
(5) Applied Power Electronics Conference (APEC) Proceedings 
(6) Industry Applications Society (IAS) Proceedings 
(7) Industrial Electronics Conference (IECON) Proceedings 
There are many publications in these sources that focus on the identification 
of noise sources within a specific power converter and use circuit models to analyse 
and predict EMI. Programs that simulate the emissions from a converter have also 
been presented.  These programs either use finite-element methods or simplified 13 
circuit models to predict EMI from a converter whose geometry and layout are 
specified. 14 
Chapter 2
 
SIGNAL SPECTRA AND NOISE MODELING
 
2.1  Introduction 
Switchmode DC-DC power converters operate by chopping the input voltage and 
current waveforms such that their pulse widths are proportional to their magni­
tudes. The chopped waveforms are then lowpass filtered by means of an LC circuit 
to obtain a DC output with low ripple. The chopping of voltages and currents re­
sults in trapezoidal waveforms. Since the dv /dt's and di/cit's in  a switching power 
converter are very large the rise/fail times of the trapezoidal waveforms are very 
small. Therefore, these waveforms contain significant magnitudes of very high fre­
quency components, typically an order of 1-3 greater than the switching frequency. 
These high frequency components couple to the utility through the porosities in 
the circuit and cause interference in other devices connected to the utility. Since 
periodic trapezoidal waveforms are present in all switching  power converters, a 
Fourier series analysis of this waveform is useful in understanding the spectrum 
of conducted EMI currents from power converters. Furthermore, spectra of other 
waveforms such as ideal square-waves, triangular waves and sawtooth waves can 
easily be derived from the spectrum of the trapezoidal wave [21. 
2.2  The Spectrum of Trapezoidal Waveforms 
2.2.1  Fourier Coefficients of a Generalized Trapezoidal Waveform 
Consider a trapezoidal waveform of amplitude A, rise time Tr and fall time 'rf, pe­
riod T and a puisewidth (defined between 50% points of the waveform amplitude) 15 
T as shown in Figure 2.1. A periodic waveform can be expressed in terms of its 
Fourier series coefficients as 
x(t)  cne-ln`i't  (2.1) 
The easiest way to compute the spectrum of the trapezoidal waveform is to succes­
sively differentiate it until an impulse train is obtained. The following properties 
may then be used to relate the Fourier coefficients of the original waveform to the 
Fourier coefficients of its derivatives.  If the Fourier series expansion of the kh 
derivative is written as 
dx,k(t)  ejrzu;ot  (2.2) =  dtk  n=_co 
then the Fourier coefficients are given by 
c.n =  n
1  c (2.3) 
n 
Figure 2.1 shows the trapezoidal waveform, its first derivative and its second deriva­
tive. 
(iwo)"
Since the second derivative consists purely of impulses, its Fourier coefficients 
can be found to be 
1 A  1 A  _1 A _1_  _  (2.4)
T T,  T 7-r  T  7' r f 
A  sinGlnwo7r)  sin(72"")077) =  e­
27rn 
Therefore, from Eqn 2.3, 
Cr  1  c(2)  (2.5) 
(.; nL,j0)2 
A  ,  1 Sin( -r/C,-)07-r)  sin,(1,71,wo77) p- jnwor/2 inwor/2 e  (2.6)
97n  lnwo7f)
L  2 77'w07,-)  2 
For the special case Tr = Tf,, Cn can be expressed in the form of two (sin x)/x terms 
as 
T Sirt( 12-'71...:Jor)  272W0 Tr)  _1nwo(74.7r)/2 = A  e  (2.7) T  inL4..,07)  nWO Tr ) 16 
dl 
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Figure 2.1. Trapezoidal Waveform and its derivatives 17 
The coefficients of the one-sided spectrum may be obtained by simply doubling all 
the c, coefficients except co. Therefore, for n  0 
T  I Siri,(10,4)7")  sin(nworr
= 21C72,1 = 2A  is 2  (2.8)
1 I
2 
nworr 
with 
Tr  (2.9) Ti 
and 
co  A; 
Three important points can be noted from the above analysis: 
For r = T,  i.e., for a trapezoidal wave with 50% duty cycle and equal rise and 
fall times, all even harmonics are eliminated. However, this symmetry cannot 
be achieved and even harmonics exist in practical 50% duty cycle trapezoidal 
waveforms. 
The magnitudes of even harmonics become increasingly smaller compared to 
the magnitudes of odd harmonics as the duty cycle approaches 50%. Odd 
harmonic magnitudes do not vary significantly with small variations in duty 
cycle. However, even harmonic magnitudes can vary widely with small vari­
ations of duty cycle in the vicinity of 50%. 2 
The Fourier series coefficients of a square wave can be obtained by setting 
0 in expressions for the Fourier series coefficients of the trape­
zoidal waveform. Therefore the Fourier series coefficients of a square  wave 
'This poses problems in measuring radiated EMI causing widely disparate  mea­
surement from one day to another. This is because the duty cycle of an interfering 
clock may vary in small amounts around 505 c causing significant variations in the 
levels of even harmonics. 18 
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Figure 2.2. Asymptotic bounds on the (sin x)/x function 
are 
T .
Cn = A_ePluvr /2 Sin( 11144/07)  (2.10) 
2.2.2  Spectral Bounds of Trapezoidal Waveforms 
Spectral bounds of trapezoidal waveforms are studied for two reasons. First, they 
give intuitive insight on the effect of risetime, falltime and pulsewidth that is not 
apparent in the equations.  Second, they give worst-case approximations of the 
spectral components. In the previous section, the Fourier series coefficients were 
seen to be in the form of a (sin x)/x expression. i.e., 
sin(lnwor)
=  AT  (2.11) 
two 
SillX AT  (2.12)
X  r= -1 jnGlor 2 
Thus, AT Rsinx) I xl forms the envelope of the spectrum of the square wave. The 
spectral bounds of the (sin x)/x expression can be generated as follows: 
sin xi  1  for small x 
(2.13) 
ixi  for large x 
Figure 2.2 shows the spectral bounds (or an asymptotic plot) of an ideal square 
wave. The asymptotes converge at x=1. Thus the asymptotic spectrum consists of 
a constant 0dB section for x < 1 and decreases at -20dB/decade for x > 1. 19 
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Figure 2.3. Asymptotic bounds on the trapezoidal waveform 
This concept can now be extended to a trapezoidal waveform in order to study 
the effects of rise/fall times on the spectrum. The envelope of the Fourier series 
coefficients of the trapezoidal waveform can he written from Eq. (12) as: 
r sin(77 f)  sin(7771)1 Envelope = 2A  (2.14) 
I T  f  7r 77f . 
The Fourier series coefficients are obtained by evaluating the envelope at f = 
n/T. The asymptotic plots of a trapezoidal waveform are shown in Figure 2.3. The 
asymptotic plot consists of three straight-line segments : 
(1) Constant at 2Ar up.,o t  f  = 
(2) -20dB/decade slope for f < 7,177 
(3) -40dB/decade for f > 7*. 
2.2.2.1  EFFECT OF RISE/FALLTIMES 
It is apparent that the high frequency content of a trapezoidal waveform is primar­
ily due to rise/falltime. Pulses having small rise/falltime have larger magnitudes of 
high frequency spectral components. Thus, to minimize the EMI from  a device, it 
is necessary to increase rise/falltimes as much as possible. However, this is a disad­20 
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Figure 2.4. Effect of rise/falltime on the spectrum of a trapezoidal waveform with 
f = 1111Hz and D = 0.5 
vantage from a power electronics standpoint because an increase in rise/falltimes 
also increases switching losses. 
The effect of rise/falltime on the spectrum of a trapezoidal waveform is illus­
trated by Figure 2.4  .  It can be seen that the second breakpoint in the aymptotic 
plot moves inwards with increasing rise/falltimes. This causes the asymptotic spec­
trum to roll-off at -40dB/decade for a greater range of frequencies and therefore 
causes a reduction in the high frequency spectral magnitudes. 
2.2.2.2  EFFECT OF FREQUENCY AND DUTY CYCLE 
When the frequency of the trapezoidal waveform is decreased keeping the duty 
cycle D = r/T constant, the first breakpoint at f = 1/71r moves inwards. The DC 
level of the spectrum, (20/og10(2A-r/T)) remains the same. However, the second 
breakpoint, f = lhrr, does not change since it is a function of the rise/falltime 
alone. Thus, a decrease in frequency causes the region of slopes -20dB/decade to 21 
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Figure 2.5. Effect of duty cycle on the spectrum of a trapezoidal waveform with 
t,. = tf = 2Ons and f = 1MHz 
become wider and hence causes a reduction in the spectral magnitudes in the low 
frequency region. When the duty cycle is decreased keeping the frequency constant, 
the first breakpoint again moves inwards while the second breakpoint remains fixed. 
The DC level of the spectrum is also decreased. Therefore, the spectrum beyond 
the second breakpoint does not change with duty cycle. Therefore, a decrease in the 
duty cycle has the effect of decreasing the low frequency spectral magnitudes but 
does not change the high frequency spectral magnitudes. The simulated spectra 
and asymptotes for a trapezoidal waveform with t,. = tf = 2Ons and f = 1MHz 
are illustrated in Figure 2.5 for various values of duty cycle. It can be seen from 
the plots that the low frequency spectral magnitudes increase with duty cycle while 
the high frequency magnitudes remain constant. 22 
2.2.2.3  EFFECT OF RINGING 
Parasitic inductances and capacitances of printed circuit board traces and wires 
in a device cause ringing. Ringing may be modeled mathematically in the form 
Ke-at sin(:.crt + 8), where a is the damping coefficient and fr = 'w,127 is the 
frequency of the ringing. 
To study the effect of ringing on the spectral content of the waveform, the 
Fourier series coefficients of the underdamped sinusoid Ke-at sin(wrt -t- 8) are su­
perimposed with those of the original trapezoidal waveform. To simplify matters, 8 
is set equal to zero, and the rise/falltimes of the trapezoidal waveform are neglected 
so that it is approximated by a square waveform. Also assume a duty cycle of 50%. 
Therefore, 
en  Cn,square-wave  T 1T/2 Ke at Sill(WrOdt 
A
e-jy-E.;0172  at sin Prt)dt  (2.15) T o 
Vo sin(-nwoT)  I";) sin(nu.)0T)e_jaw0774  prat_ 
2  2  frz.,.:0 T  p2  Zap -f- Cel 
where p = Irtwo. The first term in. Eqn 2.16 represents the spectrum of a square 
wave of amplitude 1"0 while the second term represents a square wave of amplitude K 
multiplied by a term that has the form of a bandpass filter with center frequency  r 
Therefore the spectrum of a square wave is increased about the ringing frequency 
Wr 
Figure 2.6 (a) shows the spectrum of a 1MHz ringing square wave with a ringing 
frequency of 10MHz. Figure 2.6 (h) shows the spectrum of an ideal square wave 
for the purpose of comparison. It is seen clearly that the spectral magnitudes are 
increased around the ringing frequency (10N1Hz). 
This is important from the point of view of power electronics because switching 
is always accompanied by ringing due to the non-ideal behaviour of the switches 
(e.g., reverse recovery in diodes) and parasitic inductances and capacitances in the 23 
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Figure 2.6. Spectra of (a) ringing square wave, f=1MHz, D=0.5, fr=10MHz and 
(b)ideal 10MHzsquare wave 
circuit. Therefore, care must be taken to minimize ringing in a switching operation. 
This can be done either by adding snubber circuits to a hard-switched circuit or by 
using an equivalent soft-switched topology. 
2.3  Noise Sources and Paths in DCDC Converters 
It was mentioned in Chapter 1 that the switching action in  an ideal converter 
does not automatically cause EMI. In this section, the sources of the noise and the 
propagation paths of the noise currents in a representative DC-DC converter  are de­
tailed. Figure 2.7 shows the noise sources and coupling paths in a forward converter 
with an input rectifier. One of the 5052 resistors represents the input impedance 
of a spectrum analyzer and the other 5052 resistor is a dummy load. There are 
two types of emission currents that flow through the 5052 resistors: common-mode 
(CM) current and differential-mode (DM) current. 
Common-mode current is caused by the charging and discharging of the par­
asitic capacitances in the circuit (Ct,Cd and Cq).  Cq and Cd are the heatsink 24 
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Figure 2.7. Sources and Paths of Conducted EMI from a Forward Converter 
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Figure 2.8. Modified connection of a Forward Converter for reduced common-mode 
EMI capacitances of the FET and the diode and Ct is the interwinding parasitic capac­
itance of the transformer. Since the current in a capacitor is given by i = CV, the 
CM emissions can be reduced by either reducing the parasitic capacitance or by 
decreasing the gradient of switching. The former option is the more attractive from 
a switching losses standpoint but is somewhat more difficult to implement. This is 
usually done by using an appropriate material for the heatsink insulator or by using 
a thin conducting shield between two layers of heatsink insulating material {31. The 
trade-off involved in reducing the dv/dt is a loss in the efficiency. The dv/dt of 
switching can be reduced by altering the control circuit or by adding a snubber 
circuit.  In both cases, ringing in the drive voltage is damped out arid the large 
harmonics around the ringing frequency are eliminated.  _A third way to decrease 
CM noise is to arrange the circuit in such a way that the parasitic capacitances are 
connected to non-switched nodes. As shown in Figure 2.8, the positions of the pri­
mary winding of the transformer and the switch are inverted and the filter inductor 
on the secondary side is connected on the return path instead of the forward path. 
Differential-mode currents are caused by the switching of currents in the con­
verter r3]. These flow into the supply terminals during the conducting periods of 
the rectifier diodes.  If the DC link capacitor is sufficiently large and has a low 
parasitic inductance, very little of the high frequency component of the switching 
current flows into the source. Thus, it is clear that the DM currents into the source 
can be minimized by the use of a good quality DC link capacitor. Similar consider­
ations hold for the output filter capacitor for prevention of DM noise flowing into 
the load. However, reverse-recovery of the rectifier diodes contributes significantly 
to the DM currents. 
If an active power-factor correction circuit is used instead of an ordinary rec­
tifier, the current flowing into the supply terminals is a high-frequency triangular 
wave. In this case, the DM current flowing into the source has large high frequency 
components. 26 
Chapter 3
 
EXISTING EMI MITIGATION TECHNIQUES FOR

POWER ELECTRONIC CIRCUITS 
3.1  Introduction 
As mentioned before, there are three common factors in all EMC problems :  the 
source, the receiver and the coupling path between the source and. the receiver 4]. 
The solution to the problem of EMI control may therefore be approached from three 
angles. The first and most preferred approach would be to suppress the EMI at the 
source. In the case of power electronic circuits, this may be accomplished by the use 
of a suitable resonant converter topology or by using a suitable modulation scheme 
(e.g., randomized or programmed PWM, 1IN modulation) or a combna.tion of the 
two. The second method is to reduce the efficiency of the coupling path between the 
source and the receiver. This is typically done by adding active or passive filters 
at the input of the power converter for conducted EMI and shields for radiated 
EMI. The choice of the filter and its design must be integrated with the overall 
design of the power converter and must riot be approached as an auxiliary problem 
unrelated to the design of the converter. However, this is still a 'band-aid. solution 
that adds to the cost and weight of the converter. The third method is to decrease 
the susceptibility of the receiver. This is the least attractive method of the three 
because the receiver may not be under our direct control. Moreover, the receiver 
may be a control circuit of the converter and its operation can be disrupted by the 
EMI from the converter itself. In this research, the EMC problem is approached 
from the first angle, namely the suppression of conducted EMI at the source. 
This chapter reviews and summarizes the existing methods of control of con­
ducted EMI and prior work in the characterization, modeling and control of con­27 
ducted EMI from power converters in general and DC-DC converters in particular. 
Three broad methods of EMI control are discussed: 
1. Passive and active filters 
2. Randomized and programmed switching modulation schemes 
3. Soft-switching resonant converters 
3.2  Filters 
3.2.1  Passive Filters 
Passive EMI filters are the predominant method used for EMI mitigation. These 
filters are usually designed to provide enough attenuation to meet the worst case 
EMI specification. Furthermore, the addition of an input filter has a profound effect 
on the stability of the power converter. Therefore, its design has to be integrated 
with the design of the power converter and should not be kept apart as an auxiliary 
problem. EMI filters are different from communication filters in that they  are 
designed to maximize the mismatch between the source and load impedance. This 
minimizes the power transfer from the source to the load (maximum power transfer 
occurs when the source and load impedance are complex conjugates of each other). 
In this section, the method of designing passive EMI filters is outlined. The effect 
of the filter on the stability of the power converter is also discussed. 
The first step in designing a powerline filter is to make an estimation of the CM 
and DM currents from the power converter separately. The standard test set-up, 
as described in Chapter 1 is used to measure the total emissions from the power 
converter.  Since the CM and DM filters are designed separately, CM and DM 
currents must be separately estimated. The CM component only is measured using 
a device called the Differential Mode Rejection Network (DMRN). The DMRN 
works on the following principle  :  the emission current flowing in  a measuring 
device connected to the phase lead is 1 a  =Vim + Vdm. The current flowing in a 28 
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Figure 3.1. Use of a current probe to decompose EMI currents into CM and DM 
components 
measuring device connected to the neutral lead is  =  Vdm  The DNIRN 
is a device that calculates Vc, = (1:a + Vb)/2. A second method of separating 
the CM and DM currents is by using a current probe as illustrated in Figure 3.1. 
The arrangement in Figure 3.1(a) measures the sum of the currents in the phase 
and neutral lines thus giving the CM current  the arrangement. in Figure 3.1(b) ; 
measures the difference between the currents in the phase and neutral lines thus 
giving the DM current (Equations 1.3,1.4). 
The second step in EMI filter design involves the measurement of the  power 
converter source impedance. In general, the source impedance is different for the 
CM and DM emissions.  The CM source impedance, Z,,, and the DM  source 29 
Phase Phase 
Neutral  D.U.T D.U.T  Z s dm 
Z s,cm  Ground  Neutral 
(a)  (b) 
Figure 3.2. Source impedances (a) CM and (b) DM 
impedance, Zs ,dm  are defined as shown in Figure 3.2. The actual method of de­
termining the source impedance is too involved to be discussed here in detail.  [5] 
gives a method for determining both magnitude and phase of CM and DM source 
impedances. This reference makes use of the insertion loss method to measure the 
magnitude of the source impedance and uses the Hilbert transform to extract the 
phase, making the assumption that the impedance is a minimum phase function. 
At this stage, the magnitude of the emissions and the source impedance are 
known. The noise source is now modeled as a Norton equivalent circuit as shown 
in Figure 3.3. The DM and CM filters are now designed separately for given at­
tenuations. A generic powerfine filter topology that is used when both the source 
(i.e., the power converter's) impedance and the supply line impedance are high is 
shown in Figure 1.4. 
It was earlier mentioned that the addition of a powerline filter adversely affects 
the stability of the power converter. A heuristic explanation of this observation 
is given here. Consider a DC-DC converter operating under voltage-mode control. 
When the input voltage to the converter increases, the input current decreases so 
as to keep the oudput power to the load constant. This causes the converter to have 
a negative dynamic input impedance. The low frequency dynamic impedance of a 
forward converter is given by 
Rl 
Zi =  (3.1) (d/ n)2­
where R/ is the load resistance, d is the duty ratio of the converter and n is the turns 30 
ZI
  EMI Filter 
Figure 3.3. Noise (high frequency) equivalent circuit of a power converter with an 
EMI filter. Z1 is the supply line impedance and Z, is the power converter (source) 
impedance 
ratio of the transformer.  If the EMI filter has a large positive input impedance, 
oscillations can occur.  If the filter has a high-Q resonant frequency, the filter 
impedance becomes very large and oscillations occur at the resonant frequency. 
Therefore, the solution to ensuring power converter stability when an input filter 
is connected is to provide sufficient damping at the filter resonant frequency. 
3.2.2  Active Filters 
The drive towards higher switching frequencies in DC-DC converters is based on the 
premise of reduction in cost and weight of the converter due to a reduction in the 
values of inductances and capacitances. The trade-off is an increase in the switching 
losses in the converter. Therefore, if the ripple requirements  are constant over a 
range covering two specific frequencies, a weight reduction is obtained by operating 
the converter at the higher frequency [61.  However, if the ripple requirements 
are stricter at the higher frequency, input filter component values are also higher. 
Therefore, the benefits of operatics at higher frequencies are not clear. Consider the 
'This may be a voltage or current ripple. Military Standards in the US specify 
EMI limits in terms of maximum allowable input ripple current while commercial 
standards (FCC) specify a voltage limit on maximum allowable EMI. 31 
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Figure 3.4. MIL-STD-461B CEO3 current ripple specification 
following example [6]. The current ripple specification in the US military standard 
MIL- STD -461B CEO3 is shown in Figure 3.4. 
From the figure, it is observed that the amount of ripple that can be drawn at 
100kHz is 59dB[tA while the limit at 1MHz is 29dBpA. Suppose that the (passive) 
input filter components are sized to meet the specification at 100kHz. Then, if the 
ripple requirements are the same at 1MHz, then the component sizes at 1MHz are 
smaller tenfold. However, in this standard. an additional 30dB of attenuation is 
required at the higher frequency so that only a twofold reduction in component 
sizes is achieved. 
A second observation that is made from Figure 3.1 is that the specification is 
an absolute value and not. a percentage of the input current.  Thus, a converter 
operating at 1MHz and drawing 5A input current would require an attenuation 
of over 100dB. This is difficult to achieve with a second-order filter.  Therefore, 
higher-order filters become necessary. However, complex filters add poles to the 
transfer function of the converter and make them extremely difficult to control. 
For these reasons the feasibility of active filters have been explored 16], [7] and [8]. 
The remainder of this section summarizes the operation of a generic active EMI 
filter briefly. Detailed analyses and derivations may be found in 6], [7] and [8]. 32 
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Figure 3.6. Enhancing the inductor with active circuitry 
In a passive L-C filter, although the elements have to be sized to handle the 
quiescent energies present many of the elements see only small ripple energies. 
Therefore, active circuits that see only the ripple energies are created to replace 
these elements. 
Figure 3.5 shows a power circuit with an. input filter.  The capacitor carries 
a large current at the switching frequency.  Therefore, it cannot be replaced by 
a low-power active network. The inductor, on the other hand, has only a small 
ripple current that can be reduced significantly in one of two  ways.  The first 
approach (Figure 3.6(a)) is to divert the inductor ripple current so as to prevent 
it from flowing into the external terminals. The second method (Figure 3.6(b)) 33 
is to introduce a voltage source in series with the inductor so that the inductor 
does not see the full magnitude of the capacitor ripple voltage thereby reducing the 
inductor ripple current. In Figure 3.6(a), the active network consists of a current­
to-current amplifier of gain A(s) while in Figure 3.6(b) the active network consists of 
a current-to-current amplifier of gain sLdA(s). in both cases, the inductor appears 
to be 1 + A(s) times as large as it really is. 
3.3  Soft-switching Resonant Converters 
It was observed in Chapter 2 that the spectrum of the EMI current is greatly influ­
enced by the transition times of the currents and voltages. Specifically, very sharp 
transitions (high dv/dt's and di/dt's) cause large magnitudes of high frequency 
components. Thus, if the rise/fall times of the voltages and currents in the switch 
are lowered thus giving smooth-edged transitions, high frequency harmonies are 
expected to be considerably lesser in magnitude. This is achieved by using soft-
switched resonant converters.' Furthermore, soft-switching has the advantage of 
considerably lower switching losses so that a higher switching frequency is possible. 
(A typical switching frequency for hard-switched converters is 100kHz and 1.VI'lz 
for soft-switched converters.)  This usually 3 leads to smaller shed filter compo­
nents.  For these reasons, there has been an increasing drive towards the use of 
soft-switched converters. However, it has been noted in several publications that 
the claim of improved EMI performance from soft-switched converters is mostly 
anecdotal; this point is discussed in a later section. 
'Not all resonant converters are soft-switched. For example, load resonant  con­
verters use hard switching to generate square waves from which smooth output 
waveforms are extracted by filtering with a resonant (high-Q) LC network. 
`See the section on active filters for a more elaborate discussion of this point. 34 
3.3.1  Classification of Soft-switched Resonant Converters 
Soft-switched resonant converters can he broadly classified into two categories [9]: 
1. Resonant-switch converters 
2. Resonant DC-link converters 
The above classification includes only soft-switched converters and does not cover 
resonant hard-switched converters (load-resonant converters). Each of these classes 
is discussed briefly in the following sections. 
3.3.1.1  RESONANT-SWITCH CONVERTERS 
Resonant-switch converters make use of LC resonant circuits to provide zero cross­
ings in the switch current and/or voltage waveforms. These topologies are derived 
by replacing the switch in an equivalent hard-switched topology with a switch 
connected to an auxiliary resonant network. In one cycle of operation of such con­
verters. there exists a resonant part and a non-resonant part. For this reason, these 
converters are also called quasi-resonant converters. These are further classified as 
follows: 
1. Zero voltage switching (ZVS) converters : The switch turns on and off at zero 
voltage. The peak resonant current is the same as that in a hard-switched 
converter but the peak resonant voltage is higher and. so the switch must be 
rated for a higher voltage. 
2. Zero-current-switching (ZCS) converters: The switch turns on and off at zero 
current. The peak resonant voltage is the same as that in a. hard-switched 
converter but the peak resonant current is higher and so the switch must be 
rated for a higher current. 
3. Zero-voltage-switching clamped-voltage (ZVS-CV) converters	  The switch 
turns on and off at zero voltage. The peak resonant voltage is clamped to 35 
(6/570,` 
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Figure 3.7. Resonant-switch Converters:  (a) Hard-switched buck converter (b) 
ZCS buck converter (c) ZVS buck converter (d) ZVS-CV buck converter 
the same voltage as in an equivalent hard-switched converter but the peak 
resonant current is higher. 
It is generally observed that resonant-switch converters have the disadvantage of 
having higher peak device stresses than their hard-switched counterparts. ZCS and 
ZVS step-down converters are illustrated in Figure 3.7 along with the hard-switched 
converters from which they are derived. 
3.3.1.2 RESONANT DC-LINK CONVERTERS 
in resonant DC-link converters [101. resonant oscillations on the DC bus are initiated 
so that the DC bus voltage goes to zero for a small duration. During this period, 
switches connected in a bridge topology across the oscillating DC bus  are switched 
at zero-voltage. The basic concept of a. resonant DC-link converter is shown in 
Figure 3.F3 a). Figure 3.8(b) shows two legs of a bridge connected to the resonant 
DC link. Referring to Figure 3.8(a), the switch S is normally open and resonant 
oscillations occur in the DC link voltage. When the oscillating voltage becomes 
zero. the switch S is closed for a short duration during which the switches of the 
bridge connection (the main switches) are operated. The main switches are turned 36 
c, _t_. 
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Figure 3.8. Resonant DC Link Converter  (a) Basic concept (b) Full-bridge : 
Connection 
on and off at zero-voltage. The oscillations are sustained indefinitely if the system 
has zero losses (in other words, the resonant circuit has an infinite Q-factor). In this 
ideal scenario, the switch S needs to be closed only once. However, the presence 
of resistance in the resonant network causes the DC link voltage to settle at Vd, 
after a time that depends on the resistance. Therefore, the switch S is closed at the 
end of every resonant cycle to compensate for the losses.  Since the resonant DC 
link converter operates on a regulary sampled basis, conventional sinusoidal PWM 
is not the ideal control scheme. EL.1M, which has a sampled -data characteristic is 
used instead. This is discussed in greater detail at a later stage. 
3.3.2	  Experimental Work on EMI Performance of Soft-switched Con-
venters 
Although it is generally assumed that resonant converters offer better EMI  per­
formance than hard-switched converters, experimental work has shown that this is 
not necessarily true. The reason given for this assumption is that the dv/dt's and 
di /dt's associated with resonant converters are smaller. Experimental work [11], 
[12] has shown that the EMI performance of resonant converters is superior only 
when component layout is optimal. Moreover, the reduction in emissions is of the 
order of only a few dB's, and in many cases, no significant reduction is obtained in 
the filter size. 37 
3.4  Alternative Modulation Schemes
 
Conventional PWM has been the most widely used control scheme for all types of 
power converters.  For the special case of DC-DC converters, the on-time of the 
switch(es) i.e., the pulse-width is varied according to the input, keeping the time 
period of a switching cycle constant.  Conventional PWM in DC-DC converters 
thus creates a trapezoidal wave whose spectrum has been analyzed thoroughly in 
Chapter 2.  Since the wave is periodic, the spectrum consists of large peaks at 
discrete frequencies and has an infinite bandwidth.  From the point of view of 
EMI, this is disadvantageous because most present-day EMI regulations stipulate 
limits only on the peak energy of the spectrum and not the total energy in the 
spectrum. For this reason, a variety of alternative modulation schemes have been 
proposed with the objective of spreading out the energy over a continuous  range 
of frequencies. 6 A discussion of these alternative modulation schemes is the focus 
of this section.  It also sets the background for a discussion of EL.1 Modulation in 
Chapter 4. An investigation of 1-22,. Modulation for EMI mitigation is the thrust of 
this research. The modulation schemes that are reviewed in this section include : 
1. Programmed PWM 
2. Randomized modulation schemes 
3. Switching Frequency Modulation (17' 
3.4.1  Programmed PWNI 
Programmed PWM schemes [13] were originally used in inverter applications with 
the objective of harmonic control in the output current.  Such schemes involve 
the storage of a pre-computed set of turn-on and turn-off angles in memory and 
6The US military standard is the only one that stipulates wide-band constraints in 
addition to narrow-band constraints. That is, the signal power of the waveforms 
are subject to an integral constraint over a range of frequencies. 38 
these can be accessed periodically by the control circuit. In the context of inverters 
turn-on and turn-off angles were calculated to either eliminate certain harmonics 
or to obtain a least squares value of certain harmonic components. Programmed 
PWM schemes have been extended to DC-DC converters 114] with the aim of EMI 
suppression. The approach used here in order to meet FCC regulations is to spread 
out the spectral energy of the input current (a forward converter is used in this 
reference) so as to reduce the peak amplitude in the spectrum. This is accomplished 
by first defining a 'target' envelope and then using an optimization algorithm for 
the calculation of switching angles so that the specti-um of the current waveform fits 
under the target envelope. The constraints governing the optimization algorithm 
used are as follows : 
1. The programmed PWM waveform must have the same average period and 
average duty ratio as the original PWM waveform. 
2. Every pulse must be larger than some miminum pulse width which depends 
on the switching speed of the given semiconductor switch. 
3. The average duty ratio must	  continnensly controllable through a control 
signal. 
4. The lowest frequency harmonic in the programmed PW.NI waveform must be 
much greater than the control loop bandwidth. This requirement is necessary 
so that the converter does not act as an amplifier at the switching frequency. 
The optimization procedure and experimental results are provided in 1141 A reduc­
tion of 35% was reported in the peak harmonic (i.e., the first harmonic) amplitude 
of the input current. A reduction of 59% was reported in the magnitude of the 
second harmonic. The trade-off involved in reducing the peak harmonic amplitude 
was an increase in the total power in the spectrum. Another advantage reported in 39 
the programmed PWM scheme in [14] was that only a small number of optimized 
waveforms need to be stored in the memory because it was observed that the mea­
sured input current spectrum did not vary by much when the analog input was 
varied. 
3.4.2  Randomized Modulation Schemes 
Randomized modulation schemes form the second class of alternative modulation 
schemes used for EMI mitigation. These schemes were originally implemented on 
inverters for the reduction of acoustic noise at resonant frequencies. This concept 
was extended to the mitigation of EMT in [15], [16]. A reduction by a factor of 2-3 
in the high-frequency spectral components was reported in 115]. A mathematical 
framework for the analysis and synthesis of randomized modulation schemes is de­
scribed in [17]. The natural quantity in studying a random switching scheme is the 
power spectral density (PSD) which is the Fourier transform of the autocorrelation. 
A general formula for the FSD of the switching functions associated. with station­
ary random modulation schemes is given in 117]. The constraints governing random 
switching schemes are similar to those governing programmed PVM schemes, i.e., 
I. The nominal switching pattern of which some parameter is randomized does 
not vary from one cycle to the next. In other words, the averaged parameters 
such as the duty ratio remain the same. 
2. In a stationary modulation scheme, the same probabilistic rule is used in every 
switching cycle. 
Stationary random switching are further catgotized into four classes depending on 
which parameter of the nominal switching function is being dithered. These  are 
defined as follows with reference to Figure 3.9. 
Note that the switching function can be written as : 
q(t)  uk(t  (3.2) 
k = -.x 40 
q(t) 
Tk 
(a) 
a 
k 
(b) 
Figure 3.9. (a) The switching function q(t) and (h) the pulse uk(t) representing 
the kui cycle of q(t) 
That is, the switching function q(t) is represented as a concatenation of the indi­
vidually dithered switching cycles shown in Figure 3.9(b). In general, one or mere 
of the parameters Ek, dk(= ak/ dk) and Tk can be randomized giving rise to four 
types of random switching schemes: 
1. Randomized pulse position modulation (PPM), where ck changes, dk and Tk 
are fixed. 
2. Randomized pulse width modulation (PWM), where ak changed. Ek = 0  Tk . 
is fixed. 
3. Simplified asynchronous modulation [15], [16], where Tk changes,  ak is fixed. 
4. Asynchronous modulation [16]. where Tk changes, Ek = 0, dk is fixed. 
Simulated and experimental results as well as formulas for the PSD of random­
ized PPM, randomized PWM and asynschronous modulation are provided in [17]. 
Randomized PPM is found to significantly decrease the amplitudes of discrete har­
monics. It is also found that randomized PPM is more efficient in reducing higher 41 
order discrete harmonics than randomized PWM even though the latter reduces 
the fundamental by a greater factor. The continuous spectrum obtained with ran­
domized PWM is also found to be of the order of 3dB lower than the envelope of 
that obtained with randomized PPM. Asynchronous modulation schemes are pre­
sented in [15], [161. .A reduction of the peak spectral amplitudes by a factor of 2-3 
has been reported in these references. A general formula for the PSD from  asyn­
chronous modulation is presented in [17]. Examples presented in [  suggest that 
while random modulation is very effective in reducing discrete frequency harmonics, 
it is less effective in meeting wide-band spectral requirements. 
3.4.3  Switching Frequency Modulation 
Another method of dispersing the power at discrete frequencies in the spectrum 
of conventional PWM is to modulate the switching frequency [18]. By doing  so, 
side-bands are created and the power is scattered over the side-band frequencies. 
The original PWM square wave of frequency f, is defined as the carrier wave. f,, is 
the modulating frequency and Af is the frequency deviation. Sidebands separated 
by f, are created due to frequency modulation and the magnitude of the spectral 
component at f =  is reduced compared to the original wave. The extent to 
which the power is distributed over the sidebands is dependent  on the modulation 
index, ) = L\f/f,n. The larger the value of  the the wider the range of sidebands over 
which the power is distributed. The effectiveness of the frequency modulation in 
dispersing the signal power is quantified by Carson's rule [19], which is stated for 
a ,sinusoidal moilnlating signal in two parts : 
1.. The total power of the signal is unaffected by frequency modulation. For a 
FM signal with a discrete spectrum, the power is given by the RMS value of 
the amplitudes of the discrete frequencies. 
2. 98% of the total signal power is concentrated within	 a bandwidth BT = 
1)fm. 42 
A square wave carrier has a discrete spectrum, and in this case, the definition of 
is slightly modified. 3 is now defined to have a (Efferent value for every harmonic of 
the carrier wave i.e., 3, = n3 where 3 is the modulation. index of the fundamental 
frequency in the carrier spectrum. Now. Carson's rule is applied to each harmonic 
as Bra- = 2(n) + l) fin.  Thus, it  is seen that the tendency of FM is to spread 
out the spectrum at each switching harmonic. Experimental work shows that this 
is a very effective means of controlling EMI. More than 10dB reduction of the 
peak amplitude of the spectrum has been achieved. FM is particularly effective in 
reducing the fundamental frequency component if the switching frequency is less 
than 150kHz. Both CM and DM emissions are reduced by this method though 
ringing is not reduced by this problem. 
3.5  Summary 
The various existing methods of EMI mitigation have been discussed in this chapter. 
Filtering is the most commonly used approach.  In particular, passive filters are 
always used at the input of the DC-DC converter. However, these bring along the 
problems of instability if not properly designed. Furthermore, they add cost and 
weight to the device. Resonant topologies have been proposed to mitigate the EMI 
problem at the source and reduce the size of the filter. However, the claims of better 
EMI performance from resonant topologies have been mostly anecdotal although 
it is true that a careful layout of the circuit does give some improvement in EMI 
performance. The third approach in EMI control, namely the use of an alternative 
modulation scheme is perhaps the most elegant of the three approaches. The main 
focus of this research, as mention previously, is to investigate Yoh\ modulation as a 
fourth alternative modulation scheme. This is introduced in the next chapter. 43 
Chapter 4
 
SIGMA-DELTA'. MODULATION
 
4.1  Introduction 
Sigma-Delta modulation (--7...\M  is widely used in data converters. In analog-
to-digital conversion a bandlimited version of the analog input is encoded by a 
modulator (a first-order  shown in Figure 4.1) to give a fast stream of 
cuaritized data which is then decimated b'y' a ri:.'code.Y to twice the IN-yquist frequency 
to get a pulse-code modulated (Pc M) output at the Nyquist ftequency. Thi.:; process 
o oversampled  and decimation gives a 1 et.t.A7 signal-to-noise ratio (S  R,) than 
that obtained frona uniform scalar quantization at the Nyylist frequency. The two 
methods to obtain increased --:3NR are 1) increasing the overs2mpl1 ng ratio (OSR), 
wfuch is denned as the ratio of samoling  xluency to the. ...\y.quist frequency of 
the input signal) and 2,;  the number o levels in the quantizers. 
is  '.widely used in the q-Liantization t l  elati,rely low-fi.equenc.:,.' inputs (e.g., audio). 
Since almost all T.,A q..a- tizo,s its  -level (or binary) quantization they are very 
robust and inst -..  Y  f 9 COrt-11:011.117a  C)1:a.r1J 
EAM has also been used in the area of pov.,er electronics, mainly in applica­
tion to resonant DC-link inverters (disf,ussed in Chapter 3) [211. The motivation 
behind using EA-Yil lure was to find a sampled modulation scheme that could be 
synchronized with tip resorydnt frequency of a LC tank circuit. Another aim was 
to reduce acoustic noise in motor drives. Further rest anth in. this area resulted in 
the replacement of the integrator in the  loop with the integration characteristic 
of the filter inductor in the main power stage, resultitig in direct current regula­
tion(Current Regulated Delta Modulation, CI31-2,1). Single-loor) multilevel 7AM 
has been used in application to multilevel in elleTS [22}  in this research, this mod­44 
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Figure 4.2. Proposed switching scheme 
ulation scheme is used in the mitigation of EMI from DC-DC converters. Here, the 
input to the EAM is a dc input and hence the levels of the quantizer are assumed 
to be 0 and A, where A is often normalized to 1 for purposes of analysis. A block 
diagram of the scheme proposed to drive the power switch is shown in Figure 4.2. 
4.2  Motivation for EA Modulation in SMPS 
A linearized stochastic model of a first-order  may be used to provide a con­
ceptual reason for its use in EMI mitigation. A linearized model (Figure 4.1 (6) of 
the sampled-data IlL`2,1 of Figure 4.1 (b) is obtained by modeling the quantizer tis 
the sure of the input plus a white noise component. (This assumption is incorrect 
in the ease of a first-order modulator with a de inpiit: it is only used to provide a 
conceptual understanding.) The output of -.he modulator may be written aL, 
et 
That is. the spectrum consists of the input plus a noise component given 
=  (1.2) 
Since Ei is assumed to be white noise. its spectrum is Rat and has a mean-square 
value of 42/12. Since a sampling frequency  1/T is assumed. all the noise 
power is concentrated in the band (0, ls/2) so that the power spectral density is 
given by 0­
Elf  et-rrt:;  57;  !, 4.3) 46 
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switching function 
Therefore the spectrum of ray may be written as 
wlr 
(.f) = E(f)1l  ej 
I  -= 2e,%/21-sin(--­
Since this is a sampled data system, the spectrum is repetitive over every interval 
cf width fs.  Therefore, the spectrum of the output of the first-order modulator 
with a white noise assumption is as shown in Figure 4.3. 
Th spectrum in Figure -1.3(a) represents the discrete-time output of the modu­
lator. if this output is sampled-and-held for the entire clock period I. this spectrum 
,  pf-D
gets scaled by a factor A,`7.7-',  ' , so that the impulses corresponding to the dc in­
put are nullified. This is the spectrum of the switching function and is depicted 
by Figure 4.3(c). The spectrum is ideally continuous as opposed to the discrete 
spectrum of conventional P\VM. In this research. it is proposed that this feature of 
1:AM he exploited with the objective of EMI control. 47 
4.3  First-order Y.A Modulator 
Referring to Figure 4.1. the analog input is fed to an integrator whose output is 
fed to a quantizer (which. in this case, is simply a comparator). The output of the 
qua.ntizer is fed back and subtracted from the analog input. The main features of 
the output of the EANI are: 
The output oscillates in such a way that the average error between the input 
and the output is forced to zero by the feedback loop. Since the local average 
of the output equals the local average of the input, the demodulator is simply 
a low-pass filter. 
12_ is an example of pulse density modulation, i.e., the number of pulses per 
unit time increases with the magnitude of the input. 
The Y-.,,AM is a uniformly sampled system. This is important in the context 
of power electronics because switching instants occur in cynchronism with a 
clock. Thus. .E.ANI can he extended to resonant converters where a simple 
relationship often exists between the resonant frequency and the sampling, 
frequency of the Y \ 
The rationale behind the use of .1'..AM in the present application is summa­
rized as follows. if the quantizer error is uncorrelated with respect to the de input 
to  power spectrum is spread out in a continuous fashion as opposed to a 
PWNI spectrum. The assumption of uncorrelation is crucial to the uniformity of 
the spectrum. It is often erroneously assumed that the input to the quantizer is 
independent (or, in a weaker sense, uncorrelated) from the input. is uniformly dis­
tributed in the range (-A/2. A/2) and is independently and identically distributed, 
i.i.d (or, in a weaker sense, uncorrelated from sample to sample). These proper­
ties cause the non-linear deterministic system to be reduced to a linear stochastic 
system and hence allow the use of standard linear analysis. as was shown in the 
previous section. This model often holds approximately for higher-order modula­
tors but never in the case of a first-order modulator. This assumption, when used 48 
to evaluate the output spectrum of a first-order ELM gives the erroneous result 
that the spectrum is continuous.  It is found that the spectrum actually consists 
of strong tones whose positions and amplitudes are a strong function of the input. 
Moreover, in the present application, the entire spectrum in the interval (0, fs) is of 
importance, and not just the spectrum in the baseband of the input signal, which 
is the case in a data conversion application. The spectrum is explicitly discussed 
in a later section. 
4.3.1  Time-domain Output Waveform of the First-order EAM 
The output of a First-order EAM for a rational dc input (i.e., one that can be 
expressed in the form min where m, n are integers) is periodic. For example, if A 
= 5V and the input x = 1.25V, then the output consists of cycles of one 5V pulse of 
width I/ is followed by three OV pulses. Therefore, the switching frequency (of the 
power switch) is f3/4 and is thus equivalent to a PWM waveform with a switching 
frequency f5/4 and a duty cycle 0.25. In general, if x/A = mln then the output 
waveform is equivalent to a P\N7,,I waveform of frequency Lin and duty cycle rn/n. 
Thus. EAM is a variable-frequency switching scheme with the switching frequency 
tieing inversely proportional to the input dc level. However, for equivalent converter 
size and performance, the sampling frequency of the EANI must be greater than 
the PWM frequency by a factor that depends on the magnitude of the input (and 
hence the magnitude of the desired converter output). Even when the dc input 
is irrational (as is always the case in the real world) the output is approximately 
regular as is evidencei by the presence of strong tones at certain frequencies and 
weaker tones at other frequencies. This regularity in the output can be exploited in 
a power conversion application. The advantages of the ,EAM in a power switching 
application can be summarized as follows: 
It is a synchronous switching scheme, i.e., all switching instants of the power 
device are synchronized to a clock frequency.  Thus, this scheme may be 
extended to many types of resonant converters. 49 
It is a fixed on-time switching scheme. Moreover, for a dc input less than 
one-half the full-scale quantizer level, the output always has a larger off-time 
compared to the on-time.  Therefore, transformer core reset problems are 
eliminated provided that the de input is properly scaled with respect to the 
quantizer level. (Note that the condition that off-time must be greater than 
on-time is not mandatory. For example, in a core reset scheme for a single-
ended forward-converter using a tertiazy transformer winding, the off-time 
can be reduced at the cost. of increased device voltage stress.) 
Dithering is easily added at the input of the quantizer without any major 
modifications to the modulator. This is discussed at a later stage. Dithering 
is often used to spread out the spectrum of the output in order to mitigate 
DA. 
The time-domain output waveforms obtained experimentally from  first-order 
EAM that was breadboarded using discrete devices are shown in Figure 4.4 for 
three different dc inputs x=1.5, x=1.8 and x = 2.0V. The sampling frequency is 
300kHz. The full-scale quantizer level is 5V. (The levels chosen correspond to PWM 
duty cycles between 0.3 and 0.4. which are typical for a transformer-coupled single-
ended forward converter). The pulse-widths are 3.33/18, since the output of the 
12A1I is a sampled-and-held waveform.  It is also noticed that there is sufficient 
time available for core reset. 
4.3.2  Output Spectrum of the First-order EAM 
Since  are almost always sampled-data systems, it is sufficient to analyze 
the spectrum in the frequency interval (0, L/2) since the spectrum is periodic with 
a repetition period fs .  In this section the spectrum of a first-order EAM with a dc 
input is considered. The spectrum of the first-order EAM has been analyzed by 
Candy r231 and expressed in the form of a Fourier series: 
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Figure 4.4. Experimental output waveforms of first-order  for a de input (a) 
x=1.5 (b) x = 1.8V and (c) x = 2V. 51 
where x is the input dc and fs is the sampling frequency. Since only the spectrum 
in the interval (0, fs/2) is required, Equation 4.5 may be simplified to 
sin1x)
y(x, t) = x  2 y:  ros(27[1x] fst)  (4.6) 
1=1 
7r 1 
Here, [Ix] = lx  I(lx) where [(1x) represents the nearest integer to the real 
number lx. In the ELM used to drive the power switch in the present application, 
the output is sampled-and-held for one complete sampling, period. Also, it is as­
sumed that the input has been normalized with respect to the fullscale level of the 
quantizer. Therefore, the above spectrum must be multiplied by a sine function 
S(f) = sin4 if 11') to get the spectrum of the switching function q(t). It is seen from 
Equation 4.6 that the spectrum consists of spikes at discrete frequencies that are 
dependent on the input, x. This indicates a regularity in the time-domain wave­
form of the EAM. The reason for these spikes is that the input to the ouantizer 
within the EA loop is strongly correlated to the dc input. Depending on the input 
dc level, the spectrum may consist of large spikes at a relatively small number of 
frequencies or smaller spikes at a larger number of frequencies 
The experimentally obtained spectrum  500kHz in the output of the first-
order EAM is shown in Figure 4.5 for three different input levek x=1.5V.  = 1.8V 
and x = 2V. The nature of the above spectra is confirmed  the time-domain 
waveforms of Figure -1.4.  In all three cases, the power is concentrated at discrete 
frequencies, but the locations and amplitudes of the harmonics are a strong function 
of the dc level.  In order to spread out the spectrum over a continuous range of 
frequencies, a small dither signal is added at the input of the quantizer. 
4.3.3  Effect of Dither in a First-order ECM 
The power associated with the spikes that are present in the first-order EAM spec­
trum can be spread out by adding a dither signal at the input of the quantizer 
within the feedback loop. This ( adses the input to the quantizer to become un­
correla ted with the input so that the output waveform loses its regularity. In this 52 
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research, since only the overall spectrum is of concern (and not within baseband), a 
simple, though inaccurate, dithering scheme is built to generate bandlimited white, 
zero-mean Gaussian noise with an rms value that is variable from 0 to 0.8V. Since 
the dither signal has zero-mean, the average properties of the output waveform 
remain unchanged. However, care must be taken to see that the output pulses do 
not occur in such a way that the transformer core saturates. For example, it was 
observed that as the dc input was increased towards mid-range (in this case. 2.5V 
out of a full-scale range of 5V) there were occurrences of two on-pulses followed by 
one off-pulse; repeated occurence of this type of pulsing can cause core saturation. 
In order to eliminate such problems, one can either scale the input with respect to 
the full-scale output in such a way that a mid-range input level is not required or 
use appropriate logic circuits in the gate-drive to eliminate such pulses. Both time-
domain and frequency domain waveforms are shown in Figure 4.6 and Figure 4.7 
for the case of dithered first-order Y_  I with the same dc inputs and a dither of 
approximately MITA' rms. 
It is observed that dithering causes a reduction in the peak spectral ampli­
tudes and increases the power in other bands thus giving a continuous spectrum. 
A reduction of roughly 5-10dBm is observed in the spectrum. This is useful in the 
reduction of EMI because the regulations specify limits only on peak spectral ampli­
tudes. Furthermore, the peak amplitudes of the spectral components do not depend 
on the input dc level. This feature is advantageous in a closed loop operation where 
the input to the .E,AM is variable depending on the operating conditions. 
4 4  Second-order EAM 
it is claimed that the correlation between the quantizer error and the input  may 
be reduced by use of a higher-order E.A.M. Exact analyses for these modulators are 
not available for a two-level quantizer. The addition of a second integrator  causes 
the averaging process to occur over a longer duration than the first-order EA:\i 
for equal sampling frequencies. A sampled-data second-order l'.AM is shown in 54 
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circuit. 
Figure 1.8(a). A continuous-time implementation that is shown to be equivalent to 
the sampled-data implementation in [241 is shown in Figure 4.8(b). The conditions 
required for the equivalence of the two implementations are 1) the output v(t) is 
held constant over the entire sampling period and 2) the time constant RC = 1.5/L. 
A second-order YL\ \I was built to study its properties. The sampling period 
is set to 330kHz, which is slightly higher than that of the first-order modulator. 
The experimental time-domain output waveforms are shown in Figure 4.9 for the 
dc levels 1.5V, 1.8V and 2.0V. The Outpuc spectra are shown in Figure 4.10. 
It is seen that the time-domain waveform is highly irregular thus causing the 
spectral power to he spread over a continuous range of frequencies. Furthermore, 
the nature of the spectrum is not dependent on the input just as in the case of the 
dithered first-order EAM. This is a direct consequence of the decreased correlation 
between the input and the quantizer error. This indicates that an increase in the 
order of the I.:AM results in a more irregular time-domain waveform and hence 
causes a more evenly spread spectrum  However, the stability of modulators of 57 
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order greater than two is conditional. Thus, the second-order modulator offers a 
good compromise between spectral characteristics and ease of implementation. 
4.5  Summary 
In this chapter the application of EANI to SNIPS was discussed. A heuristic reason 
for the use of EAM to control EMI from SNIPS was presented. The concept was 
tested experimentally with breadboarded continuous-time implementations of first-
order and second-order modulators.  Time-domain waveforms and spectra were 
presented in each case.  It is verified that the spectrum of first-order 1-L\M is 
always discrete and has a strong dependence on the dc input to the modulator. A 
dither signal was added to decrease this dependence and also to spread the power 
over a continuous range of frequencies. The spectra of the switching functions from 
the dithered first-order and second-order modulators show lower peak levels over 
a continuous range of frequencies which indicate that appreciable improvements m 
the conducted EMI spectra are possible when these modulators are used to drive the 
SNIPS. In Chapter 5 the concept is verified by using the outputs of these modulators 
to drive the power NIOSFET in a standard 145W computer power supply.  A 
comparison of the time-domain waveforms of the switching functions indicate that 
spectral improvements in the case of the second-order modulator are partially due 
to a reduced switching rate compared to the (undithered) first-order modulator. 
no,Never, the switching waveform from the second-order modulator is irregular while 
it is block-periodic in the case of the first-order modulator. Therefore, it is possible 
to increase the sampling frequency of the second-order modulator (resulting in a 
higher switching rate) to obtain identically sized SNIPS components. It is seen from 
Equation 4.4 that an increase in the sampling frequency causes the term 2e.r.,, yr-2T 
to decrease. This indicates that better spectral characteristics may be obtained by 
increasing the sampling frequency of the second-order modulator. The increase is 
limited by the switching losses. 60 
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5.1  Experimental Configuration 
Continuous-time implementations of the EA modulators described in Chapter 4 
were used to drive a standard computer power supply with outputs of 12V. 3.3V 
and 5V and a maximum power output of 145W. The tests were run open loop since 
the spectral characteristics of the conducted EMI are of primary interest.  The 
experimental set-up is identical to the one depicted in Figure 1.5 with all spectral 
measurements being made on a HP 3585A spectrum analyzer.  The resolution 
bandwidth (RBW) of the spectrum analyzer is set to 10kHz (the regulations specify 
a minimum RBW of 9kHz for frequencies above 450kHz). Since the reset winding of 
the high-frequency transformer in the power supply has the same number of turns 
as the primary, the on-time of the pulses from the EAM's has been reduced to be 
90% of the sampling period, 1/fs. The sampling period of the EAM's is set to 
300kHz and is compared to PWM switching at 100kHz. The reason for the higher 
sampling frequency is twofold: first, the approximate 'switching frequency' of the 
ECM is roughly 100kHz for an equivalent. PWM duty cycle of 0.3, which  typical 
in single-ended forward converters. Detailed circuit diagrams of all implemented 
circuits are shown in Appendix A. 
5.2  First-order EAM 
5.2.1  Without Dither 
The spectrum of the voltage measured by the USN is shown in Figure 5.1 in the 
450kHz-30MHz frequency range for a dc input level of 1.5V corresponding to PWM 61 
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Figure 5,1. Spectra in 450kHz-30MHz range (a) P\VM, D = 0.3 and (b) First-order 
x = 1.5V. Switching frequency of PWM = 100kHz, sampling frequency of 
`2-.2.AM = 300kHz. 
duty cycle of 0.3. The spectra to 5MHz are depicted in Figure 5.2. A marginal 
improvement or roughly 3-5d F3 is noticeable in the spectrum of the first-order I.71\M 
compared to the P\VM. A spectral peak is also observed in the vicinity of 5MHz. 
This is due to the effect of ringing at turn-on of the power MOSFET. Furthermore, 
the ringing is at a relatively h-fw frequency because of the long lead connecting the 
gate of the power MOSFET to the driver circuit (g_- 4in). 
'Although an effort has been made to keep this lead as short a,s possible it is rela­
tively long because the power NIOSFET requires to be connected to an external 
driver. 62 
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5.2.2  With Dither 
Spectra similar to Figure 3.1 for a de Input x=1.5V with a dither of approximately 
200mV rms are depicted in Figure 5.3. Comparison of Figure 5.1(a) and Figure :5.3 
shows an improvement of about 10:11-3 in the spectrum.  Furthermore, the spec­
trum is continuous except at frequencies that are multiples of the clock frequency, 
300kHz where there are sharp spikes. These spikes are present because the output 
of the E2_,' NI is not held constant over the entire clock period: instead, the on-time 
is limited to about 90% of the dock period in order to avoid core saturation in 
the transformer.  Therefore, the impulses at multiples of f,  are not completely 
eliminated (refer to Figure 4.3):  It is possible to eliminate these spikes by simply 
holding the output. of the  over the entire clock period. To achieve this, the 
transformer must have a greater number of turns in the reset winding compared to 
the primary winding. 64 
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5.3  Second-order ECM 
The measured spectra for the second-order 11-,_L NI are depicted in Figure 5.4 for a 
dc input of x = 1.5V. A substantial  -frnprch-ernent over the first-order modulator 
(with and without dither) is noticeable. 
Also noticeable is the fact that the spectral peak due to the ringing is sub­
stantially reduced. Spikes are present at integral multiples of the clock frequency 
due to the fact that the on-time of the output pulse is limited to about 90`;7c of the 
clock period. These results suggest that the second-order modulator is perhaps the 
topology of choice in this application. 65 
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FUTURE WORK 
The spectra of the conducted EMI measured as voltages measured across the LISN 
indicate that 1":NI is a viable alternative to PWNI from the point of view of EMI 
mitigation. Although simple first-order EAM is not greatly superior to PV' -1, the 
dithered first-order and the second order modulators show substantial reductions 
in the spectral peaks, roughly of the order of 5-10dB. 
The advantages of EAM in application to SMPS may be summarized as follows: 
1.	  It is a sampled-data switching scheme, with all switchings synchronized to  a 
clock. It is envisioned that this feature can he exploited in resonant convert­
ers while simultaneously being a viable switching scheme for hard-switched 
converters. 
2.	  It has a fixed on-time as opposed to programmed PWM and FM. 
3. EAM's of order two and above have continuous spectra as opposed to ITYWN,1 
and (undithered) first-order >1AM. This helps in mitigating ,,he EMI problem 
as has been shown in this thesis. 
4. Simple theory suggests that an increase in the sampling frequency of the 
second-order modulator will further improve the spectrum by spreading the 
power over a wider frequency range. This offers a simple means of reducing 
EMI at the source subject to only the constraint of switching losses. 
5. It is fairly simple to incorporate dither into this scheme. 66 
The disadvantages of EAM in application to SNIPS include: 
1. EAM requires a higher sampling frequency to achieve the same average switch­
ing rate as PNA/M. Furthermore, it is an on-off modulation scheme in which 
the switch is either on or off for the entire duration of the sampling period. 
Therefore, the transformer in the SNIPS has to be designed for a minumum 
duty cycle of 50%. 
2. At low input dc levels,the rate of switching is very low.	  Therefore. large 
energy storage elements are required if the application requires operation at 
low control voltages. Therefore this is not optimal in variable power supplies. 
3. A fairly high sampling frequency (300kHz is sufficient in this application) is 
required to avoid acoustic noise problems in moving parts such as the cooling 
fan motor. Also, at low dc input levels, the switching rate is very low thus 
causing appreciable harmonics in the acoustic frequency band. This is not 
a problem in PWM because the lowest harmonic in the PWNI spectrum is 
always at the switching frequency in DC-DC converters: this is almost always 
greater than 20kHz in SNIPS. 
This research is a preliminary study of the viability of 1.1._\M in application 
to SNIPS. Further work is required before this can become a viable alternative to 
P \V \1. 
1. It is necessary to improve the packaging of the SMPS used in the present 
study. 
Integration of the control circuit along with the addition of on-chip protection 
circuitry along the lines of PW\l control IC's is required. 
3.	  A. detailed study of the closed-loop behaviour is necessary. Presently, it is pre­
sumed that. the EANI directly replaces the PWM comparator in the feedback 
loop of the SNIPS. 67 
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